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ABSTRACT In every epidemic some individuals become sick and some may die,
whereas others recover from illness and still others show no signs or symptoms
of disease. These differences highlight a fundamental question of microbial patho-
genesis: why are some individuals susceptible to infectious diseases while others
who acquire the same microbe remain well? For most of human history, the answer
assumed the hand of providence. With the advent of the germ theory of disease,
the focus on disease causality became the microbe, but this did not explain how
there can be different outcomes of infection in different individuals with the same
microbe. Here we examine the attributes of susceptibility in the context of the
“damage-response framework” of microbial pathogenesis. We identify 11 attributes
that, although not independent, are sufficiently distinct to be considered separately:
microbiome, inoculum, sex, temperature, environment, age, chance, history, immu-
nity, nutrition, and genetics. We use the first letter of each to create the mnemonic
MISTEACHING, underscoring the need for caution in accepting dogma and attribut-
ing disease causality to any single factor. For both populations and individuals, vari-
ations in the attributes that assemble into MISTEACHING can create an enormity of
combinations that can in turn translate into different outcomes of host-microbe en-
counters. Combinatorial diversity among the 11 attributes makes identifying “sig-
natures” of susceptibility possible. However, with their inevitable uncertainties
and propensity to change, there may still be a low likelihood for prediction with
regard to individual host-microbe interactions, although probabilistic prediction
may be possible.
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In a series of essays spanning almost 2 decades, we have written about microbial
virulence and pathogenicity in the context of an organizing concept that we call the

damage-response framework (DRF). The first article was published in Infection and
Immunity in 1999 (1), and the concept was further developed in subsequent essays
(2–5). The DRF is based on three assumptions that are self-evident and incontrovertible:
(i) there are two entities, a host and a microbe, and they interact to create the microbial
states of commensalism, colonization, and disease; (ii) the states differ in the degree of
damage that the host incurs, and this can range from benefit (no damage) in com-
mensalism (e.g., due to presence of normal microbiota) to that which compromises
homeostasis and results in disease; and (iii) the damage can come from the host
response, the microbe, or both (5). Although the DRF emerged from class notes in a
microbial pathogenesis course at the Albert Einstein College of Medicine (1) and was
developed originally to explain the great diversity of infectious diseases, it has proven
to be highly flexible and able to account for all known states that stem from host-
microbe interaction, commensalism, colonization, latency, and disease. The DRF has
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also provided a new lens to consider such questions as the nature of pathogens and
infectiveness (6, 7).

Recently we updated the DRF to incorporate the microbiome and provided a
definition for “host” (8). During the review process, one referee suggested expanding
the essay to include host differences with regard to individual susceptibility. Given the
importance and complexity of this question, we opted to consider this issue in a
separate essay focused on the attributes of disease susceptibility that bear on the
question of why it is that in any host-microbe encounter, some individuals get sick
while others remain asymptomatic. In this essay, we consider the factors governing
individual susceptibility and identify 11 attributes that affect the outcome of host-
microbe interaction: microbiome, inoculum, sex, temperature, environment, age,
chance, history, immunity, nutrition, and genetics. The first letters of these attributes
can be assembled into the acronym MISTEACHING, which conveys the additional
meaning that teaching microbial pathogenesis is difficult as it requires adjustments and
change when new information that challenges previous thought and dogma emerges.
In addition, it can be fraught with potential foibles, such as confusion associated with
its lexicon, such as the words infection and pathogen (9). Also, MISTEACHING was the
only single word we could form with the 11 letters. Given rapidly accumulating
knowledge in the field of microbial pathogenesis, it is likely that more attributes will be
identified. Hence, while the mnemonic may not stand the test of time, at this moment
it underscores how the concept that microbial pathogenesis is driven solely by micro-
bial or host factors, or even both, does not incorporate the complex, often unpredict-
able, variables that affect the susceptibility of individuals or populations.

SUSCEPTIBILITY ATTRIBUTES

The 11 attributes that are discussed below, although separable, are not indepen-
dent. Age, history, and immune function are necessarily interrelated. For others, recent
findings highlight new connections. For example, in amphibians, disruption of the
microbiome in early life results in susceptibility to parasites later in life (6), illustrating
connections between age, microbiome, time, and susceptibility. For humans, there is
increasing evidence that antibiotics in early life may predispose children to obesity (10,
11). Despite being interrelated, the 11 attributes are sufficiently distinct to be consid-
ered separable factors affecting susceptibility. We caution that these are enormous
areas, which we are condensing to mere paragraphs. Some readers may prefer to
consider the variables that constitute each attribute in the context of different attri-
butes, and we encourage such experimentation. Our goal was not to be exhaustive but
rather to introduce the breadth of factors that may influence susceptibility and resis-
tance to infectious diseases in the context of the DRF. The attributes we have identified,
whether inherent or external to the host, interact in complex ways to generate a
susceptibility composite for each host that is almost certainly unique and specific to
that host. In this regard, the composite of factors for a given individual constitutes a
“signature” that may or may not also apply to populations exhibiting a similar com-
position of factors.

Microbiome. The use of antimicrobial drugs is known to be associated with the
development of certain infectious diseases, such as colitis and candidiasis, through
disruption of the host-associated microbiome. In fact, another term starting with “m,”
metabolome, has emerged as an important signature of infectious diseases (12).
Indeed, the metabolome and microbiome are linked, with the latter providing the fuel
for generation of important biomolecules (13). In recent years, numerous studies have
unequivocally established that resistance and susceptibility to microbial diseases can
be determined by the composition of the resident microbiome. The ability of the
microbiome to determine host susceptibility to disease was established in insects by
showing that the ability of Bacillus thuringiensis to kill gypsy moth larvae was depen-
dent on the presence of certain gut bacteria (14). There are now numerous examples
of this phenomenon, including a report that human susceptibility to Campylobacter is
associated with certain microbiome compositions (15) and another providing a mech-
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anistic explanation for how certain colonic species maintain a state of anaerobiosis that
inhibits facultative anaerobes and aerobes via the colonic epithelium (16). Microbiome
influence on host susceptibility is not limited to bacterium-bacterium interaction, as
exemplified by interference of bacteria with Plasmodium infection in mosquitoes (17)
and the finding that mouse susceptibility to an enteric virus was dependent on the
presence of certain bacteria in the gut (18). In other invertebrate systems, microbiome
bacteria produce antifungal compounds that reduce susceptibility to fungal pathogens
(19). Emerging evidence has also identified a role for fungal (20) and viral (21)
microbiomes in health and disease. Each individual host is likely to have a different
microbiome, since the microbiota species composition and diversity can be affected by
and change with time, diet, health, and disease.

Immunity. A properly functioning immune system is essential for reducing suscep-

tibility to many infectious diseases. This was first formally recognized with the emer-
gence of the so-called “opportunistic diseases” in patients with defective immunity due
to immunosuppressive therapies (22). Then, HIV infection and AIDS highlighted how an
acquired immune deficiency could render the host vulnerable to many infectious
diseases that rarely affected hosts with intact immunity. Recognizing that the “reach” of
immunity includes intact mucosal barriers, in addition to cellular and humoral compo-
nents, is important for understanding and assessing risks for catheter-related and skin
and soft tissue infections. Today, the literature is full of papers that link use of
immune-suppressing agents, from chemotherapy to cytokine-blocking monoclonal
antibodies, to risk for infectious diseases. Similarly, recognizing the impact of disease
states, such as diabetes and malnutrition, and perturbations of the microbiome on
immune function is critical for assessing the contribution of immune impairment to risk
for infectious diseases. Although an absolute measure of what constitutes a healthy
immune system has not been defined and the immune system features many redun-
dancies and complexities, impaired immune function, primary or acquired, is unequiv-
ocally associated with susceptibility to infection and disease. Furthermore, host immu-
nity can differ from individual to individual by the history of an individual’s previous
interactions with microbes (see “History” below) as well as the fact that immune
responses of different individuals may vary in intensity and with time.

Sex. The sex of a host can be a major determinant of susceptibility to infectious

diseases. Numerous infectious diseases exhibit marked differences in the frequency at
which they affect the sexes (23). The mechanisms responsible for sex-related differ-
ences in susceptibility include anatomical, hormonal, and immune differences (23, 24).
Another way in which sex contributes to susceptibility to infectious disease is via sexual
transmission of certain microbes. While sexual transmission of certain agents, such as
Neisseria gonorrhea, Treponema pallidum (causing syphilis), herpesviruses, and agents
causing other so-called sexually transmittable diseases, has been long recognized, it is
now apparent that some arboviruses, including chikungunya and Zika viruses (25, 26),
in addition to Ebola virus, a filovirus, can be sexually transmitted and remain in seminal
fluid for prolonged periods of time (27).

Temperature. Host temperature can have a major effect on host susceptibility since

it can create a thermal exclusionary zone for the growth of certain microbes (28). For
example, many bat species in the North American continent become susceptible to the
fungus Pseudogymnoascus destructans during the torpor of winter hibernation, when
their core temperatures drop to 10 to 12°C (29). Bats can be cured of the disease by
waking and feeding them, which increases temperature and controls the fungal disease
(30). In this regard, endogenous and induced fevers serve to increase metabolism and,
for some microbes, create a thermal exclusionary zone (31). For ectotherms, numerous
studies have established that the ability to induce fever correlates with survival (32).
However, it is noteworthy that endotherms and homeotherms, such as mammals, differ
in temperature depending on the body part. The skin and mucosal surfaces are
generally cooler than core regions. Consequently, some microorganisms that lack high
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thermal tolerances, such as dermatophytes, can cause skin disease but do not cause
systemic disease.

Environment. The attribute of the environment includes all conditions that may
influence host-microbe interaction, including vitally important entities such as nutri-
tion, climate, crowding, hygiene, and the presence of environmental toxins. This is a
far-reaching topic, and we can provide only a few examples to illustrate environmental
effects on susceptibility to infection: frog eggs have increased susceptibility to fungal
infection after exposure to deicing salts (33), fish exposed to the herbicide glyphosate
are more susceptible to bacterial infection (34), and daphnia exposed to pesticides
become rapidly resistant to the chemical but have increased susceptibility to parasites
(35). Human examples include the distribution of vector-borne diseases, which parallels
the distribution of the vector, which in turn reflects the availability of environmental
conditions that enable the vector to survive and reproduce. Climate change may have
effects on the host, microbe, and vectors that transmit microbes that may in turn affect
susceptibility to infectious diseases (36–38). The attribute of environment also includes
social, political, and psychological factors that influence the conditions under which
individuals and populations live, which in turn influence microbial exposure.

Age. Many infectious diseases are associated with high mortality at the extremes of
age, while others appear to occur most commonly in young, healthy persons. In
humans, invasive Haemophilus influenzae type B infection was a common and deadly
early childhood disease before the advent of the conjugate vaccine, yet resistance to
disease increased rapidly with age (39). Similarly, diarrheal diseases are major killers of
young children. In contrast, the probability of reactivation of latent herpes zoster virus
increases with age. At younger ages increased susceptibility can reflect immaturity of
the immune system, while at older ages increased susceptibility can reflect immune
senescence. Hence, the attribute of age incorporates the element of time, as the
immune response changes over time from ontogeny to puberty to adulthood to
senescence. In some instances, susceptibility reflects exuberant inflammatory re-
sponses, which in turn may be age related. For example, the 1918 and 2009 influenza
pandemics, the 2003 severe acute respiratory syndrome (SARS) outbreak, and adeno-
virus pneumonia in military recruits were often more severe in younger people, who
can mount robust inflammatory responses. Age is also an important variable in
affecting risk though the environment. For example, crowding and close quarters, such
as in schools, camps, and barracks, in which younger people often find themselves, can
increase the spread of transmissible microbes. Similarly, older individuals in nursing
homes find themselves in conditions propitious for communicable diseases. Notably,
the attribute of age (and aging) incorporates social, cultural, political, and psychological
factors, which may be important determinants of microbial exposure.

Chance. At a fundamental level, many natural process are stochastic, and thus the
element of chance plays a role in who lives and dies. Chance can affect susceptibility
in its own right as well as by affecting other variables. An unexpected encounter with
a rabid animal reflects the element of chance, and the encounter can be a nonevent in
the life of the host or can be followed by a rapidly progressive infection, depending on
the extent of injuries incurred. Risk can emerge as an unintended consequence of
construction and curiosity. For example, outbreaks of histoplasmosis have followed tree
cutting (40), exploration of caves (41), and home renovations (42). On the other hand,
the history of a host, the size of an infective inoculum, and the host genetics are usually
the summary of chance events, each of which can have a major effect on host
susceptibility. The finding that the outcome of host-microbe interactions is influenced
by circadian rhythms (43, 44) adds the dimension of timing to the element of change.

History. Two individuals can reach the same age with very different timelines, or
histories. It is well known that a prior immune response to a microbe can affect host
susceptibility and resistance to the same microbe as well as other microbes. This
observation dates to the late 18th century, when Jenner observed that milkmaids
exposed to cowpox were less likely to develop smallpox, presumably because infection
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with cowpox virus reduced susceptibility to disease with variola virus. This observation
became the basis of smallpox vaccination, with the word vaccine deriving from the
Latin word for cow, vacca. On the other hand, infection with one serotype of dengue
virus predisposes to hemorrhagic disease upon infection with a different serotype, with
the severe outcome reflecting a form of antibody-mediated enhancement of infection.
Similarly, recent epidemics have demonstrated that infection with one arbovirus can
influence the immune response to another (45). This phenomenon is a variation on the
concept of “original antigenic sin,” whereby an individual mounts an immune response
to a new microbe, albeit with related antigenic determinants, as if it were to the original
microbe (46). New tools for dissecting the antibody response have made it possible to
identify defined antibodies that bind an originally encountered (priming) microbe and
have beneficial functional activity against the newly acquired microbe (47). On the
other hand, it is also known that infection with some microbes, such as measles virus,
can directly impair host immunity such that the individual is more susceptible to
subsequent infections with unrelated organisms. However, what is not clearly appre-
ciated is that infection with one microbe can affect the outcome of infection with an
unrelated microbe by changing the immunological state of the host. This phenomenon
is known as “heterologous immunity” and has been dissected by studying in animal
models the effects of certain viruses on subsequent infection with different viruses (for
a review, see reference 48). In other words, having an infectious disease can change the
host such that its susceptibility to a new infection with an antigenically unrelated host
can depend on its immunological history. Having an infectious disease can also increase
long-term mortality. For example, patients who recover from pneumonia have in-
creased long-term mortality (49). The attribute of history also includes prior vaccina-
tions and resolved infections, with the latter providing protection to subsequent
infection or, as described above, sometimes enhancing susceptibility to severe disease.

Inoculum. A major factor influencing susceptibility is the microbial inoculum, which
has been known to be a determinant of the outcome of infection since the earliest days
of the germ theory. In fact, differences in the pathogenicity of microbes are often
expressed as the lethal dose that kills 50% of the infected hosts (LD50). In general,
microbes with virulence factors that allow them to undermine host physiology have the
capacity to cause disease in hosts in fewer numbers than microbes lacking such factors.
For example, a toxigenic encapsulated bacterium such as Bacillus anthracis is able to
cause kill mice at much lower doses than other bacteria lacking those characteristics
(50). On the other hand, large inocula of certain fungi, e.g., Histoplasma capsulatum and
Coccidioides spp., cause disease in apparently normal people who lack immunological
risk factors present in those who develop reactivation disease after a period of latency.
Hence, for any given host-microbe encounter, the infecting inoculum is likely to make
a decisive contribution to the outcome of the interaction. Furthermore, the inoculum
that leads to disease will be microbe and host dependent, being affected by the
identity of the microbe and such host characteristics as genetics, immunological
function, and nutritional status. In this regard, vaccines have been proposed to work by
neutralizing the infecting inoculum such that the immune response of the host is able
to reduce the effectiveness of the inoculum to the point that no disease develops (51).
This viewpoint is important, because it posits that vaccines mediate protection not by
preventing infection but by inducing an immune response that renders the inoculum
insufficient to result in disease once infection occurs (51). Finally, we note that addi-
tional microbial variables are also related to the inoculum and different environments
within the host, including the fitness of the microbe in the host, the portal of entry into
the host, and tissue tropism.

Nutrition. Proper nutrition is critical for homeostasis, and nutritional deficits are
likely to have protean effects on physiology, including immune function. For example,
Pneumocystis pneumonia, a disease that is often associated with AIDS and impaired
immunity, was first described in association with malnourished infants, although some
have postulated other causes (52, 53). Malnourished infants are also more susceptible
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to life-threatening diarrheal diseases, and diarrheal diseases can promote malnutrition
(54, 55). Although nutrition is generally considered to be an important variable for
infectious diseases, it is important to acknowledge that the relationship between
nutritional status and many infectious disease has not been carefully studied. Iron
overload is known to predispose to Yersinia enterocolitica (56). Less commonly known
is that improved nourishment may exacerbate the course of certain infectious diseases,
a fact noted before modern medicine, when it was observed that smallpox had greater
mortality among the wealthy (57). The association between obesity and certain infec-
tious diseases has been known for some time, and there are indications that the
relationship is reciprocal, such that obesity predisposes to disease while certain infec-
tions may contribute to obesity (58).

Genetics. The genetic makeup of the host is known to be an important determinant
of host susceptibility for decades (59). Susceptibility and resistance to disease may have
strong genetic components. In mice, major histocompatibility loci have been associ-
ated with susceptibility to Theiler’s virus (60), Mycobacterium tuberculosis (61), and
Rickettsia conorii (62), to name a few examples. In humans, the death of native peoples
following the Columbian exchange from putative measles and smallpox may have been
the result of the fact that these populations had no experience with those viruses, and
thus susceptibility was much greater than in Eurasian populations, which were under
virus selection for millennia. Some human genetic diseases, such as sickle cell disease
and thalassemia, have been associated with resistance to certain microbes, such as
malaria parasites. Furthermore, some HLA haplotypes have been associated with
susceptibility to certain postinfectious diseases, such as reactive arthritis (Reiter’s
syndrome) (63). For some viruses, such as HIV, the dissection of their infective cycles at
the molecular levels has shown that coreceptor molecules can determine susceptibility,
since CCR5-deficient individuals are not susceptible to productive infection with HIV
(64). Today, there are multiple infectious diseases for which genes that enhance
susceptibility have been identified, which contribute to individual variability (65).
However, while some diseases might exhibit monogenetic inheritance, more recently
genetic mutations have been identified as cofactors or additional variables contributing
to disease pathogenesis as part of a “multihit” theory, as put forth for cryptococcosis in
apparently normal persons (66).

INDIVIDUAL SUSCEPTIBILITY AND THE DAMAGE-RESPONSE FRAMEWORK

The basic relationship of the DRF is depicted by a parabola with damage on the y
axis and host response on the x axis (Fig. 1). The central concept in the DRF is that all
host-microbe interactions have the potential to result in a host response. One item that
was not clarified in our prior essays was whether these curves applied to humans or
populations. Here we illustrate how the basic parabolic relationship applies to individ-

FIG 1 DRF parabolic curves representative of populations. We consider three host-microbe interactions involving humans and propose
that in each case the curve emerges from the points contributed by individuals manifesting certain damage from their responses. In this
idealized formulation, each point on the curve represents one individual. The position of the apex of the parabola differs in that the
asymptomatic condition is accompanied by different degrees of host damage in each interaction, ranging from none to minimal with S.
cerevisiae colonization to local granuloma damage in latent tuberculosis to chronic hepatitis in asymptomatic HCV infection. The line for
disease threshold (DT) denotes a point at which host damage is sufficient to affect homeostasis, with those above and below the line
colored red and blue, respectively, to denote those with and without clinical symptoms.
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uals and, by the aggregate of individual relationships, to populations. To illustrate these
relationships, below we work through several examples of microbe-host interactions.
We consider human populations in the context of interactions with three microbes of
various pathogenic potential, i.e., Saccharomyces cerevisiae, M. tuberculosis, and hepa-
titis C virus (HCV), to illustrate the applicability of these concepts to very different types
of host-microbe interactions.

S. cerevisiae-human interactions (Fig. 1). Saccharomyces cerevisiae, or brewer’s
yeast, is not considered a microbe with the ability to cause disease. Nonetheless, there
are numerous reports of in the literature of its association with disease. Clinical and
nonclinical isolates of S. cerevisiae manifest phenotypic and genetic traits that are
associated with virulence in the former group, such as the ability to grow at mammalian
temperatures (67, 68). S. cerevisiae is a relatively common member of the human
microbiome, especially in individuals with impaired immunity (69). Association be-
tween humans and S. cerevisiae is not surprising given its use in brewing and baking.
However, less appreciated is the fact that this organism can cause disease in certain
hosts. For example, early in the HIV epidemic, cases of invasive disease were reported
in patients with the AIDS (70, 71). S. cerevisiae is also a cause of fungal vaginitis in
certain women and can trigger severe inflammation after inhalation (72). An example
of the latter is a baker who required a lung resection for granulomas associated with
yeast cells (73). Considering these interactions in the context of the DRF allows us to see
them as continuous (Fig. 1). Although the majority of individuals who acquire S.
cerevisiae suffer no clinical symptoms, disease can occur at the extremes of the immune
response. In patients with AIDS, weak responses allow invasion, whereas strong re-
sponses produce tissue damage from allergy and severe inflammatory responses.
Whether vaginitis is a result of an overexuberant response to fungal antigens or reflects
some undetected immune abnormality is not currently known. Given that the patho-
genesis of Candida albicans vaginitis is currently thought to be the result of a strong
immune response to fungal antigens (74), it is possible that S. cerevisiae vaginitis has
the same pathogenesis. However, we note that a strong response to fungal antigens
may stem from a dysregulated immune response and thus reflect an abnormal immune
response.

M. tuberculosis-human interactions (Fig. 1). Human infection with Mycobacterium

tuberculosis can lead to several outcomes, including eradication, latency, or disease, and
manifestations of disease can differ from focal pneumonia to dissemination, including
meningitis. Most human infections are asymptomatic, and in many individuals infection
is followed by the establishment of a latent state that is marked by delayed hypersen-
sitivity. Latent disease can reactivate, and reactivation may follow changes in the
immune status of an individual, such as those due to HIV infection or the administration
of immunosuppressive drugs such as corticosteroids. Tuberculosis has protean disease
manifestations which include caseous necrosis in the lung following a strong inflam-
matory response and disseminated disease which can present as miliary tuberculosis,
with the name coming from the radiologic appearance of small granulomas in the lung.
Given that each individual will have a different MISTEACHING composite, the interac-
tion of each individual with M. tuberculosis when the attributes are combined can be
plotted on the DRF parabola. For example, we consider three individual hosts who
manifest different aspects of M. tuberculosis disease (Fig. 2). Host 1 is an individual with
asymptomatic latent M. tuberculosis infection who becomes immunosuppressed as a
consequence of HIV infection, leading to reactivation of mycobacterial infection result-
ing in disseminated disease. Host 2 is an individual with disseminated tuberculosis who
responds to antimicrobial therapy combined with gamma interferon. In contrast, Host
3 represents a case of tuberculous meningitis, a disease where inflammation contrib-
utes to damage and therapy includes the use of immunosuppressive agents in the form
of corticosteroids. We note that the profound differences in these states in regard to
immunity and inoculum pose a significant challenge to vaccine development, as a
vaccine that stimulates a strong immune response may prevent infection in a naive
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person but may induce a detrimental inflammatory response in a person with latent
tuberculosis.

HCV-human interactions (Fig. 1). Hepatitis C virus (HCV) infection in humans has
two major outcomes: eradiation in a minority of individuals or chronic infection causing
hepatitis that can progress to cirrhosis and hepatocellular carcinoma. Some individuals
are able to forestall clinical disease for decades with mild hepatitis while remaining
infected and viremic with HCV, which presumably reflects an ability of the host
response to prevent liver failure (75). There is considerable evidence that liver damage
leading to cirrhosis is a consequence of chronic inflammation and that progression to
end-stage liver disease is associated with strong inflammatory responses to persistent
hepatocyte infection. On the other hand, coinfection with HIV, which produces immu-
nosuppression, is also associated with rapid liver disease (76–78). Although the mech-
anism by which HIV accelerates HCV-mediated liver disease is unknown and currently
an area of intense study, it is reasonable to assume that the immunosuppression that
follows HIV infection is an important variable in this phenomenon.

When the DRF was first introduced in 1999, we classified pathogenic microbes into
six groups based on the most common type of clinical presentation, each with its own
damage-response curve, and used the parabolic shape for what we then called a type
3 pathogen (1). Over the years our thinking has evolved such that we now regard the
parabola as the central damage-response relationship that underpins all host-microbe
interactions. In support of this concept, the original six curves (1), which were derived
by tipping the parabola toward the left or right, produce a parabola when combined.
Thus, we now use an “idealized” parabola to depict host-microbe interaction, with the
knowledge that the attributes which constitute MISTEACHING introduce significant
deviations from the idealized curve. In other words, each host-microbe interaction
produces its own distinct parabolic curve, which is a derivative of the basic parabola.
We feel that the use of one basic curve enhances the flexibility of the DRF such that new
information or ways in which host-microbe interaction translate into host damage can
easily be depicted. Finally, the use of one basic curve also makes it possible to separate
the DRF from the outcome of infection with specific microbes (which were depicted by
the six curves). Nonetheless, the original curves (1) remain useful for understanding
host-microbe relationships for specific microbes and disease syndromes, as exemplified
by a recent analysis that interpreted the different forms of candidiasis as different
curves (79). We posit that each host-microbe interaction produces a different version of
the damage-response parabola, tipped to the right or left or adjusted up or down, as

FIG 2 DRF parabolic curves representative of individuals. We consider three hosts infected with M. tuberculosis to illustrate how events and medical
interventions can move the position of an individual along the parabola. Host 1 has latent infection characterized by a positive tuberculin test and is
asymptomatic. Infection with HIV results in a damaged immune system that cannot contain the latent infection, which disseminates. Treatment with
antiretroviral therapy restores immunity, which then attacks host tissues where residual mycobacterial antigens are found to cause the immune reconstitution
syndrome. Host 2 has miliary tuberculosis but is treated with antimicrobial agents, which reduce burden, and adjunctive gamma interferon, which stimulates
cellular immunity. The treatment enhances the host response and moves the individual to the right, resulting in cure. Host 3 has tuberculous meningitis, a
condition where the inflammatory response is a major contributor to brain damage. This host is treated with a combination of antimicrobial agents that lower
the bacterial burden and corticosteroids to reduce inflammation. The treatment reduces the host response and moves the individual to the left, resulting in
cure. DT, disease threshold.
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a function of the attributes of MISTEACHING. These curves are almost certainly unique,
given the multitude of possible combinations. Notably, a single host could have
different damage-response relationships with different microbes and vice versa, de-
pending on which MISTEACHING attributes are driving the relevant host-microbe
interaction (Fig. 3). This also explains how one microbe can exist in a symbiotic,
commensal, or pathogenic relationship in one host depending on the MISTEACHING
factor combination (Fig. 3).

ON PREDICTABILITY

Can we predict susceptibility and resistance to disease? Given the complexity of the
11 attributes put forth above, it is possible many would conclude that prediction is not
possible. However, to make this claim would ignore ample evidence that the risk for
certain diseases is fairly predictable. For example, a person without immunity to
vaccine-preventable diseases such as varicella, measles, mumps, and rubella has a high
likelihood of acquiring these viruses and exhibiting disease after an exposure. This
is why herd protection is so important to maintain protection against vaccine-
preventable diseases that are further prevented by herd immunity. Similarly, it would
ignore evidence that infection with HIV can be prevented by behavioral factors, such as
use of condoms and not sharing (or using) needles for injection of drugs. HIV trans-
mission via blood transfusion was eliminated by screening the blood supply. At the
genetic level, susceptibility to HIV infection is related to the ability of the virus to
replicate in tissue, which requires cell entry via the CCR5 coreceptor. Humans lacking
this protein are resistant to infection. Notably, these examples concern infectious
diseases for which acquisition of the microbe is highly likely to lead to disease. Less
difficult to predict with current knowledge is the outcome of infection for microbes that
can result in no disease or variable outcomes, such as M. tuberculosis, and microbes that
affect large populations at once, where diversity among the attributes of MISTEACHING
often precludes assessments of individual risk.

There are several levels to prediction. One is whether the microbe will be encoun-
tered at all. This is something that cannot always be predicted. For example, transmis-
sion of Ebola virus and the chikungunya and Zika viruses exploded in West Africa and
the Americas, respectively, in the early 2010s for reasons that were not sufficiently
appreciated at the time. Now that these are better understood, public health measures
and education aimed at reducing risk of exposure are recognized as critical compo-

FIG 3 Different host-microbe interactions result in different damage-response relationships, idealized as
parabolic curves. The three curves (A to C) can denote the damage-response relationships of a single
microbe with three hosts or those of a single host with three different microbes. During intermediate
responses, none of these interactions is sufficient to cause diseases, since the amount of damage
incurred by the host is insufficient to affect homeostasis. However, in the setting of weak or strong
responses, each of these host-microbe interactions has the potential to cause sufficient damage to cross
the disease threshold. The position of the parabola vertex is determined by the particular combination
of MISTEACHING factors that applies for the host-microbe interaction and a particular time. For curve A,
the interaction results in some host damage at all response intensities, but in intermediate responses the
vertex lies below the disease threshold. For curve B, the vertex lies on the axis during intermediate
responses, resulting in an interaction where no damage occurs in the state of commensalism. For curve
C, the vertex lies below the axis, representing an interaction that is potentially symbiotic in some
MISTEACHING combinations with the potential for host virulence when the combination results in weak
or strong responses.
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nents of disease prevention. In addition, these epidemics revealed previously unrec-
ognized outcomes of infection, e.g., the ability of Zika virus and Ebola virus to be
transmitted sexually and the ability of Zika virus to infect fetal neural tissue. High
temperatures in mammals, which prevent the growth of most fungal species, eliminat-
ing their ability to serve as hosts, make it possible to predict that acquisition of such
species is not likely to result in disease. However, for many host-microbe interactions,
no dominant variable can reliably predict host susceptibility and resistance. For exam-
ple, even patients with AIDS and profound CD4 T cell depletion do not manifest all the
infectious diseases that can complicate profound immunodeficiency. Therefore, we
believe that assessing risk for disease as a function of the attributes of MISTEACHING
provides a roadmap for a rational assessment of susceptibility in individuals and
populations. Nevertheless, MISTEACHING includes attributes that are interrelated, such
as genetics, age, nutrition, microbiome, and immunity, as well as attributes that are
independent of the host, such as inoculum, temperature, and some components of
environment, further underscoring that the MISTEACHING signature will differ for each
host-microbe encounter within and between individuals and populations. Hence, the
MISTEACHING attributes will make it possible to predict the outcome of some host-
microbe interactions but not others, although assessment of the attributes that are
known may allow probabilistic predictions for both individuals and populations.
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